INTROOUCTION
Throughout the development of thermal wave NOE techniques the most common application has been the imaging of subsurface structure of coated and bulk materials [1] . The use of thermal wave imaging for the detection of coating adhesion defects was first proposed by Luukkala and penttinen [2] , and Busse and Ograbek presented the first experimental results on the detection of artificial adhesion defects of a graphite coating on aluminum [3] .
The thermal wave evaluat ion of plasma sprayed coatings has been of interest in the recent years [4] [5] [6] [7] [8] . There are very few NOT methods available to characterize the quality of these coatings. Only visual inspection and Eddy-current thickness measurement are commonly used. Ultrasonic techniques do not work well because of the heterogeneous structure of these coatings [9] , which causes adverse scattering of the sound waves. Thermal waves offer a totally noncontacting and nondestructive method. The microstructure contributes to the propagat ion of thermal waves only through the macroscopic thermal diffusivity of the coating material.
In this work we present one-dimensional analysis of thermal wave propagat ion in a coated sample with an adhesion defect. The adhesion defect is described in terms of thermal contact resistance. The optimization of the adhesion defect detection will be discussed. The presented method is applied to the quantitative characterization of adhesion defects of a plasma sprayed ceramic coating.
THEORY
The quantity that is used for the characterization of a defective interface between the coating and the substrate is thermal contact resistance, Rbd, which is defined as the ratio of the temperature discontinuity, T1-T 2 , and the heat flux, ~, through the interface. The subscript 1 refers to the coating and 2 to the substrate. The boundary condition for the temperature at the coating/substrate interface is then
The heat flux is continuous at the interface because the defect does not cause any heat to accumulate at the interface.
The one-dimensional reflection coefficient of thermal waves in the presence of thermal contact resistance can be obtained by applying Eq. (1) and the continuity of the heat flux to a propagat ing thermal plane wave. The re suIt can be written as
In Eq. (2) e is the thermal effusivity of the material, e = (KC) -1/2, where K is the thermal conductivity and C the heat capacity per unit volume. The effect of non-zero thermal contact resistance on the reflected wave is through the last term in both the numerator and denominator. The reflection coefficient is frequency dependent and also complex, which is in contrast to the case of a thermally good interface (Rbd = O). Because of the frequency dependence of the magnitude and phase of the reflected wave, frequency is an essential parameter in optimization of the detection of coating adhesion defects.
The behavior of the real and imaginary part of the reflection coefficient at a plasma sprayed chromium oxide coating on a steel substrate is illustrated in Fig. 1 The measurable quantities in thermal wave imaging are the magnitude and phase of the thermal wave on the surface of the coating. The total wave, ~s(O,t), at the surface can be found out by solving the heat diffusion equation with the boundary condition in Eq. (1) [10]
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where 0= (l+j)/~ is the complex wave vector of the thermal wave_ The thickness of the coating is abbreviated as 1 and Io is the intensity of the heating. The ratio of the thickness to the thermal diffusion length, 1/~ is the normalized thickness of the coating. In Eq. (3) has been approximated that the coating is opaque. Fig 2. presents the relative magnitude and the phase shift of the thermal wave on the surface of the sample of Fig. 1 .
The behavior of the magnitude and phase of the thermal wave at the surface of the Cr203/steel sample as a function of frequency is presented in Fig. 3 . The curves represent the relative magnitude and the phase change of the detectable thermal wave on the surface of the coating at several different values of thermal contact resistance rang ing from 3. Ox10-6 Km 2 W-1 to 1.0x10-3 Km 2 W-1 . The curves are calculated from Eq. (12) . The damping of the reflected wave causes the changes to level off when the frequency exceeds 20 Hz. The corresponding the normalized thickness of the coating is 2.1. At very low frequencies the changes in the magnitude and phase signal also level off when the thermal contact resistance is small, as can be expected on the basis of Eq. (2).
As seen in Fig. 2a the largest changes in the magnitude signal occur at frequencies lower than 1 Hz. However, these frequencies are impractical for experimental work. The detection methods do not work well below 1 Hz when the usual lock-in analyzer technique is used [11] , and also the measurement time increases in scanning experiments, because the balancing of the signal takes a few heating cycles at each measurement point [12] . e.. Fig. 2b shows the phase shift of the coating surface thermal wave caused by defective adhesion. The phase difference has a maximum value, whose magnitude and position depend on the thermal contact resistance. The smaller the contact resistance is, the smaller the maximum phase change is and the higher the corresponding frequency. Thus the optimum detection frequency depends on the severity of the defect.
The optimization of the adhesion-defect detection can be achieved by choosing the experimental parameters in such a way that all those defects can be found, which change the signal more than the average signal variat ion due to noi se and normal structural inhomogenities of the sample do.
To optimize the detection of adhesion defects the measurement frequency should be chosen in such a way that the locations where the coating/substrate interface is only slightly defective cause the maximum phase shift. A good frequency in the case of Fig. 2 would be 3 Hz, because the a defect, whose thermal contact resistance is 1x10-5 Km 2 W-1 causes its maximum phase shift at this frequency. It is to be noted that severe defects cause large phase shifts also at this frequency thus being detected for sure. At 3 Hz the normalized thickness of the coating is 0.8 thermal diffusion lengths.
EXPERIMENTAL
The comparison of the one-dimensional theory to experiments was carried out by studying a ring shaped plasma sprayed sample. The device used was an automated scanning photothermal microscope. The sample was heated with an square wave intensity modulated Ar-ion laser beam. The power of the focussed (300 ~m) beam was about 100 mW. The thermal wave on the surface of the sample was detected by a partially focussed pyroelectric infrared detector (Plessey PLL255), and the magnitude and phase measured using a lock-in analyser (SRS530). The sample was scanned by a computer controlled steppingmotor xy-table made in our laboratory.
The sample was a waterpipe seal ring with a 0.2 rom thick plasma sprayed Cr203-coating on a steel substrate. The inner diameter of the washer shaped ring was 90 rom and the width of the coated surface 11 rom. During the preparat ion of the sample six areas of poor coating adhesion were produced by using protective coating against sand blast ing, which is a standard preparat ion technique for the substrate prior coating in order to increase the coating adhesion [9] . The areas were 0.2 rom wide radial stripes extending from edge to edge (11 rom) in the sample.
All the areas have shown existence of weak adhesion in a previous study [6] . In this work the six positions were area scanned at four frequencies: 1, 3, 5, and 10 Hz. The distance between the measured points were either 0.3 or 0.5 rom. In all cases the entire areas of lacking surface preparat ion were found to be defective. The changes in magnitude and phase signals were detected at these locations. No other locations showed any traces of weakened adhesion in this sample.
In Fig. 3 is shown the phase signal of one of the defects at 5 Hz with an optical picture of the same area. The phase shift is increased near the edges of the sample due to the edge effect [13] ahd the cracking of the coating that can be seen at the top of optical picture. In Fig. 4 are presented the measured magnitude and phase signals along the center line of the defect. The arrows indicate, the locations were the signals were compared by direct graphical comparison with the calculated curves. The thermal parameters that were adjusted to give the best fit were Kl=2. 3 WK-1m-1 and e2=1.3x104 ws 1 / 2 K-1 m-2 . The literature value 4.0x10 6 Jm-3 K-l was used for the heat capacity of the coating [14] , thus the corresponding effusivity of the coating was 3. Ox10 3 ws 1 / 2 K-1 m-2 • At location (al thermal Figure 3 . On the right is the phase scan over one of the defects at 5 Hz. The arrows point at the locations at which the measured magnitude and phase is compared with the theory. The comparison is presented in Fig. 4 . On the left is an optical picture of the same area.
contact resistance was 1.7x10-5 Km 2 W-l and at (b) 3. 9x10-5 Km 2 W-l. A microscopic study of the cross-section of the defective area showed that the coating is not delaminated, i.e. no air gap between the coating and the substrate exists [15] .
The comparison of the experiments with the one-dimensional theory shows that in the case of the plasma sprayed coatings the weak adhesion of the coating can be associated with the thermal contact resistance. In cases when the size of the defective area is large enough the one-dimensional theory can be used for the quantitative determination of the thermal contact resistance. The results obtained here are similar to the results obtained by Patel et.al. [8] .
The association of the thermal contact resistance and the strength of the adhesion seems to be very material dependent. Egee et. al. were not able to detect the weak adhesion of enamel coatings [10] . Similar results have been obtained by Jaarinen et. al. when bonding of thin copper films were studied [16] . When thermal wave microscopy is used for the evaluation of coating adhesion the correlation of the thermal contact resistance and the strength of the adhesion is to be determined separately for each coating/substrate combination. 3~----------------------------------- Frequency (Hz) Figure 4 . Comparison between the experimental results at the two locations indicated by arrows in Fig. 11 and the one-dimensional theory in Eq. (12) .
